Large numbers of single nucleotide polymorphisms (SNPs) are being identified by several laboratories for the purpose of developing dense genetic maps. Single-strand conformation polymorphism (SSCP) analysis has been widely used as a method for detecting novel sequence variations in PCR products. Differences in migration of single-stranded DNA can be used not only to find mutations, but to genotype SNPs in large sample populations. Using PCR with fluorescent labeling and automated capillary electrophoresis SSCP (CE-SSCP), we have developed a panel of 15 functional candidate SNPs. With an automated single capillary instrument, relatively rapid and low cost CE-SSCP SNP genotyping using currently available technology is feasible for 135 000 genotypes per year. With parallel multiple array capillary electrophoresis, more genotypes per year may be attainable.
Introduction
Genome screens and candidate gene studies are currently popular tools in genetics research, and the need for informative markers close to many of the estimated 100 000 genes in the human genome is increasing. Single nucleotide polymorphisms (SNPs) are increasing in popularity over microsatellite repeat markers for fine mapping, as SNPs are more common, more stably inherited, can occur within coding or regulatory regions of genes, and since they are diallelic their population frequencies are more easily estimated.
1,2 It has been reported that SNPs are prevalent at an average frequency of one per 1000 base pairs (bp) in the human genome. [1] [2] [3] [4] There are now databases online that archive the rapidly growing number of submitted SNPs. 4 Identified candidate SNPs are accumulating faster than they can be genotyped and analyzed. 5 Expectations are high that high-density microarray chips being developed will eventually serve as practical and economical tools for performing large-scale genotyping of these polymorphisms.
By using fluorescent labeling and electrophoresis through a single capillary instrument, it is already possible to obtain a throughput of more than 450 SNP genotypes per day. This is equivalent to approximately 135 000 SNP genotypes per year. The introduction of automated multiple capillary electrophoresis instruments may allow the throughput of this method to increase substantially. 
Materials and methods
Eight of the fifteen SNPs in our panel, catechol-Omethyltransferase (COMT), monoamine oxidase-A (MAOA), protein kinase C gamma (PRKCG), serotonin receptor 1D alpha (HTR1Da), serotonin receptor 2A (HTR2A) promoter, HTR2A exon 1, serotonin receptor 2C (HTR2C) and serotonin receptor 5 (HTR5) had been previously reported. [7] [8] [9] [10] [11] [12] [13] [14] The remaining seven polymorphisms, dopamine transporter (DAT) intron 14, DAT 1999, gamma aminobutyrate type A receptor subunit ␤3 (GABRB3) exon 1a, GABRB3 intron 3, glutamate transporter (EAAC1), serotonin receptor 1A (HTR1A) and protein kinase C theta (PRKCQ) were found by our laboratory. Primer sequences, fragment lengths and annealing temperatures, number of PCR cycles and Genbank accession numbers for all the markers can be found in Table 1 . PCRs were performed in a total volume of 10 l containing 50 ng genomic DNA, 200 M of each dNTP (Perkin Elmer, Norwalk, CT, USA), 2.5 mM MgCl 2 , 10 mM Tris-HCl, 50 mM KCl, 0.001% gelatin, 0.3 units Taq Gold polymerase (Perkin Elmer) and 0.5 M of each primer on a Perkin Elmer 9700 thermocycler with an initial activating step of 95°C for 12 min, followed by PCR cycles: denaturing at 95°C for 15 s, annealing at optimized temperature for 15 s, and extension at 72°C for 30 s, and followed by a final extension step of 72°C for 10 min (Table 1) .
PCR products were pooled for injection on an automated capillary electrophoresis instrument with laserinduced fluorescence (ABI PRISM 310 Genetic Analyzer: PE Applied Biosystems, Foster City, CA, USA). One microliter from the pool was added to 10.5 l deionized formamide, 0.5 l 0.03 N NaOH and 0.5 l 400HD ROX size standard. Products were separated at 30°C through a 61-cm coated capillary using 3% Gene- 
Results
Determination of new SNPs by resequencing and designing a panel of 15 SNPs was feasible and efficient ( Figure 1 ). Thus far we have obtained 3720 total genotypes, including 645 trios. Heterozygosity ranged from 0.27 (GABRB3) to 0.48 (HTR2A exon 1). All except five trios were found to be consistent with Mendelian segregation. The total range of data points in which peaks could be reliably sized and typed was 300. The largest bin size required for one of the markers was 35 data points. Allowing for a gap of 18 points between markers, we determined that six polymorphic fragments per injection could be labeled with the same fluorophor and run together. Using three labeling dyes, at least eighteen fragments could be pooled together in one run. Run time for the complete panel was 47 min per injection, including a 10-min syringe pumping which stabilized the standard base line, maintained standard peak heights, and increased the longevity of the capillary. 
Discussion
The flexibility afforded by using capillary electrophoresis for this large-scale typing is of great advantage to groups performing studies focused on specific regions at high density or of groups of functional candidate genes. 15, 16 For the fine mapping of an approximately 5 Mb region of linkage or chromosomal interest, such as the Prader Willi/Angelman syndrome region containing common deletions and duplications of 15q11-q13, approximately 2500 SNPs would provide 2 kb coverage of the region. Resequencing 5 Mb from one patient pool and one control pool would allow efficient identification of most of the highly informative polymorphisms in the sample population. Alternative methods of polymorphism detection could be employed to detect less frequent SNPs, such as sequencing individuals, denaturing HPLC (d-HPLC), denaturing gradient gel electophoresis (DGGE), or SSCP followed by direct sequencing of variants. 17, 18 Once the candidate SNPs are determined and approximately 150 panels (18 SNPs each) are developed, CE-SSCP SNP genotyping of 1000 individuals representing approximately 333 trios of probands and parents for linkage disequilibrium mapping would require 150 000 capillary injections. This may be accomplished by five single capillary instruments in less than 4 years, or a single 96-capillary instrument in less time. The alternative of brute force sequencing of these individuals to find Figure 2 CE-SSCP HTR5 genotypes. The first three panels display the migration patterns of the three genotypes at the HTR5 (12A/T) SNP locus. *In the fourth panel is a novel peak pattern in which the left-most peak is shifted two size units to the left. Three subjects displaying this left-shifted peak were sequenced and all found to be heterozygous at three other positions (34C/G, 38C/G and 43C/T) within the same fragment. Most subjects did not display this novel peak pattern and were found to be homozygous C at positions 34, 38 and 43 when sequenced.
all variants would require resequencing of 5 Gb, or greater than one human genome of sequence.
Custom CE-SSCP panels can be designed and optimized relatively rapidly, whereas microarrays for hybridization will need to be custom-manufactured. [19] [20] [21] Techniques such as RFLP and allele-specific PCR have yet to accommodate high throughput SNP genotyping. 22 Minisequencing on DNA primer arrays has been used to perform high throughput SNP genotyping, but it requires custom nucleotide printing equipment, development of a new chip for each new set of markers and an additional cycle sequencing reaction following each amplification. 23, 24 Multiplex PCR reactions can be employed as a time and cost saving measure for CE-SSCP. 25 The optimization of multiplex PCRs and pooling ratios for SSCP panels is comparable to DNA repeat marker panels. The major difference is that under non-denaturing conditions, the electrophoretic mobility of single-stranded DNA is not dependent on fragment length, thus exactly where a marker will fit in a panel cannot be predicted reliably. Additionally, not all polymorphisms are detectable with this method. 26 In our experience one polymorphism out of 20 attempted could not be detected. With both marker types, non-specific amplifications or bi-products can interfere. Peak profiles showed consistent migrations relative to the standard across PCR products and polymer batches, though the amplitude of certain conformations varied slightly in some markers and significantly in one marker (COMT). Peak position representing elution time of a particular conformation of a fragment is the critical element for assigning genotypes. High throughput fluorescent gel electophoresis has been successfully employed for SSCP mutation screening. 27 An automated gel sequencer such as the ABI PRISM 377 offers a potentially higher throughput than does a single capillary instrument, but gel-to-gel variation and manual loading of sample wells may lower the reproducibility. The automated sample injection of the ABI PRISM 310 is an important consideration in high throughput genotyping. Running the current panel on an automated parallel multiple capillary electrophoresis instrument would allow much higher throughput.
In addition to its primary function of providing reliable genotype data, the current SSCP analysis method may reveal novel mutations that can be missed or lead to complications with other approaches. 1 In six of the typed fragments (COMT, EAAC1, GABRB3 exon 1a, HTR5, HTR2A promoter, PRKCQ) we observed rare alternate peak patterns which revealed a second SNP at another base within the fragment (Figure 2) . SNP discovery and characterization is proceeding rapidly, and SNPs covering the entire genome are being localized. 2, 4, 28 In order to utilize SNP data to increase the power of association and linkage disequilibrium studies, a large number of markers will need to be screened in large sample populations. 4 Such high throughput SNP genotyping is feasible with currently available automated capillary electrophoresis technology, providing an additional tool for the advancement of molecular genetic research.
